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The effect of light source spectral power distribution on the visual brightness of
anthropogenic sky glow is described. Under visual adaptation levels relevant to observing
the night sky, namely with dark-adapted (scotopic) vision, blue-rich (“white”) sources
produce a dramatically greater sky brightness than yellow-rich sources. High correlated
color temperature LEDs and metal halide sources produce a visual brightness up to 8
brighter than low-pressure sodium and 3 brighter than high-pressure sodium when
matched lumen-for-lumen and observed nearby. Though the sky brightness arising from
blue-rich sources decreases more strongly with distance, the visual sky glow resulting
from such sources remains significantly brighter than from yellow sources out to the
limits of this study at 300 km.
& 2014 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Outdoor lighting is an increasingly pervasive aspect of
the human nocturnal environment. Yet beyond the
intended effects for human vision and information con-
veyance, a variety of collateral impacts arise from its use –
these impacts are often referred to as “light pollution” (e.g.
[1] and references therein). Though there are a number of
aspects of light pollution such as glare, disturbance to
biological systems, and “light trespass,” one of the principal
impacts is increased night sky brightness (“anthropogenic
sky glow”) arising from light scattered by atmospheric
molecules and aerosols. Beginning as early as the 1930s,
when a site was being chosen for the 200 in. Hale telescope,ier Ltd.
x: þ1 926 774 3626.
uhl),
avis).
Open access under CC Bastronomers have been concerned about the impact of this
increased sky brightness on the observability of faint astro-
nomical sources. In the past 50 years protection has been
sought through civil regulations that require shielding of
light fixtures to prevent light emanation above the horizontal
plane; in the last 25 years these efforts have extended in
some cases to limits on both the total amount of light and
the spectral characteristics of the light sources.
Garstang developed the first comprehensive model
[2,3] that treats the scattering of light from molecules
and aerosols in clear (cloudless) air, and accurately
accounts for varying locations of light source and observer,
Earth (and atmospheric) curvature, and varying levels of
atmospheric aerosol. This model, extended to account for
blocking of light rays by objects in the near-ground
environment [4] has been successfully used to predict
the sky brightness arising from artificial light sources
(e.g. [4,5]).
In recent years there has been an increasing interest in
the use of solid-state lighting sources (LEDs) with a broad
and relatively blue-rich spectral power distribution com-
pared to the previously dominant technology, high-
pressure sodium (HPS) (see, for example, discussions ofY-NC-ND license.
1 Strictly speaking, the term “luminance” is defined only in terms of
photopic vision.
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with the US Department of Energy Gateway Program [6]).
The question arises as to the impacts on anthropogenic sky
glow of such a shift in light source spectrum. In this
contribution we present an extension of the Garstang
model to include the wavelength dependence of molecular
and aerosol scattering, to allow the treatment of light sources
with different spectral power distributions. An initial study
[7] has examined the impact of a variety of light sources on
the radiant sky glow in different parts of the visible spec-
trum. The goal of this study is to examine the impacts on the
visual or luminous sky glow as observed by the human
eye under both photopic and, more importantly, scotopic
conditions.
2. Model
To examine these effects, an implementation of
Garstang's [2,3] monochromatic model has been general-
ized to allow the calculation of sky brightness arising from
polychromatic light sources. Along a given path through
the atmosphere, Garstang's model calculates the amount
of light removed due to extinction, as well as added due to
scattering. Single and double scatterings are treated;
higher order scattering is neglected. This is done for a
two-component atmosphere consisting of molecules and
aerosols. Each of these two components is defined by a
number density at height h above ground level and a
scattering cross-section. The amount of aerosol is defined
through a parameter K (see Eq. (3) below) which sets the
ratio of total molecular to aerosol scattering.
Generalization of Garstang's model for wavelength
dependence requires specification of the wavelength
dependence of the scattering cross-sections. The scattering
by molecules is assumed to be Rayleigh scattering, where
the cross-section scales with λ4. The aerosol scattering
cross-section, on the other hand, scales with λ1 for
aerosol particle sizes most relevant to clear atmospheres
(see, for example, [8] for experimental measurements).
Referenced to the center of the astronomical Johnson V
band at 550 nm, the wavelength-dependent aerosol and
molecular scattering cross-sections sa and sR can be
written as
saðλÞ ¼ sað550 nmÞ 550 nm
λ
 
ð1Þ
sRðλÞ ¼ sRð550 nmÞ
550 nm
λ
 4
ð2Þ
These wavelength-dependent definitions of the scattering
cross-sections can then be substituted into the model
equations given by Garstang [2,3]. However, it is important
to note that particular care needs to be taken with
the aerosol component; as in the Garstang approach
the aerosol scattering cross-section is defined relative
to the amount of molecular scattering at ground level at
the center of the V band ([2], Eq. (4)). Consequently, the
wavelength-dependent form of this relation is
NasaðλÞ ¼
550 nm
λ
 
11:11KNmsRð550 nmÞexpðcHÞ ð3Þwhere c is the reciprocal scale height for the molecular
atmosphere and H is the height of the light source above
sea level, which is consistent with the original definition
when λ¼550 nm. The rest of the Garstang's model equa-
tions can then be generalized for wavelength dependence
by replacing sa and sR with the relations in Eqs. (1) and (2).
To determine the visible sky glow resulting from poly-
chromatic light sources used for outdoor lighting, the
spectrum of a light source is first scaled such that the
spectrum, multiplied by the CIE V(λ) (photopic) response
[9] yields a fixed luminous output (in lumens). We next
perform the radiometric calculations on the scaled lamp
spectrum within 20 nm wide wavelength bins, using the
prescription described above, to compute the mean sky
radiance LðiÞe in each wavelength bin i. The physical
quantity calculated is the luminance Lv, which we define
in terms of the mean radiance in each wavelength bin as
Lv ¼∑
i
LðiÞe
Z λiþ 1
λi
VðλÞ dλ ð4Þ
when the sky brightness evaluation is intended to apply to
scotopic vision, we substitute the CIE V0(λ) response [10] in
place of the V(λ) response, and refer to the results as
“scotopic” luminance1 or luminance ratios.
2.1. Light sources
2.1.1. Lamps
Six lamp types were examined in this study: low-
pressure sodium (LPS); high-pressure sodium (HPS); two
types of white light emitting diodes with correlated color
temperature (CCT) of 2400 K (LED2400K) and 5100 K
(LED5100K); ceramic metal halide with CCT of 4100 K
(MH4100K); a white LED (3000 K CCT) filtered with a
500 nm short cutoff filter (FLED). Spectra for the sources
are shown in Fig. 1. In the analysis all light sources were
balanced for equal luminous output (measured in lumens).
2.1.2. Uplight angular distribution
Light propagating upward into the atmosphere consists
of two components: light emitted directly upward from
incompletely shielded fixtures, and light reflected upward
from illuminated surfaces. We use the angular descriptions
for these components as defined by Garstang ([2], Eq. (1))
assuming direct upward component F¼0.10 and a hori-
zontal ground surface with average reflectance G¼0.15. To
account for blocking of upward rays by objects in the near-
ground environment, we follow the treatment of Lugin-
buhl et al. ([4], Eq. (2)) assuming a vertical “blocking
extinction” Eb¼0.3 magnitudes, with an overall unblocked
fraction β¼0.10.
2.2. Atmosphere
A “moderately clear” atmosphere characterized by a
total aerosol to molecular scattering ratio of 11:1 (follow-
ing Garstang [2]) is adopted for the majority of the
Fig. 1. Spectral power distribution of the six lamp types evaluated in this study. The lamp type abbreviations are explained in the text.
Table 1
Overhead scotopic sky luminance ratios, relative to LPS.
Dist. (km) LPS HPS LED2400K LED5100K MH4100K FLED
0.1 1 2.47 4.39 8.12 6.60 3.66
0.3 1 2.45 4.34 8.02 6.53 3.63
1 1 2.42 4.26 7.86 6.39 3.59
3 1 2.35 4.11 7.55 6.13 3.51
10 1 2.20 3.75 6.82 5.51 3.32
30 1 2.00 3.28 5.85 4.72 3.04
100 1 1.83 2.88 4.99 4.03 2.78
300 1 1.58 2.30 3.78 3.08 2.34
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26 km and an astronomical V-band extinction of 0.33
magnitudes per airmass; the Garstang K parameter for
this condition is 1.0. To examine the influence of aerosols,
models with K¼0.3 and 2.0 were also examined, corre-
sponding to visual ranges of 74 and 14 km, respectively.
2.3. Light source and observer locations
The altitude for both the observer and the light source
was set at 500 m, and observer – light source distances of
0.1–300 km were evaluated.
2.4. Sky glow measures
Overhead and near-horizon sky brightness was deter-
mined as follows. For overhead measures, we used the
measure described by Luginbuhl et al. [11], where the sky
brightness was calculated at the zenith and four points at
zenith angle 601 at 901 intervals in azimuth, one at the
azimuth toward the light source. The overhead sky bright-
ness is calculated as the average of these five points, with
the zenith value receiving double weight. Measures of the
sky brightness near the horizon are the average of three
values calculated on the azimuth toward the light source
and at zenith angle 801, 841 and 881. We note that these
measures do not represent a strict average of any parti-
cular portion of the sky: they are used to give values
representative at the positions described and to keep the
computation time at a minimum.
3. Results
3.1. Scotopic sky brightness
The luminance of a naturally dark and unpolluted night
sky in the absence of moonlight ranges from 0.2 milli-
candela per square meter (mcd/m2) (22.0 V magnitudes
per square arc second (mag/arcsec2)) at the zenith to
3 mcd/m2 (19.0 V mag/arcsec2) in the brighter parts of
the Milky Way [12,13]. In 1988, the sky at Lowell Observa-
tory, 1.5 km from Flagstaff (AZ, USA, 1990 population47,000) city hall, was 1 mcd/m2 (20.4 mag/arcsec2) at
zenith and 2 mcd/m2 (19.5 mag/arcsec2) at zenith angle
601 [14]; in 2002 (population 55,000) a measure from
the same location shows 2 mcd/m2 (19.6 mag/arcsec2) at
zenith angle 701 [15]. As the scotopic-to-mesopic transi-
tion is generally accepted to be near 10–30 mcd/m2 [16],
even near the center of a town of 55,000 residents the eye
is essentially completely scotopic when observing the
majority of the night sky (though the mesopic threshold
is likely to be crossed at very high zenith angles). This
means that the brightness of the night sky when observed
by humans under naturally dark conditions, and even into
urban areas of moderate sizes, is primarily a scotopic
response. Thus, sources richer in short wavelengths are
more effective in stimulating vision, producing an artificial
sky luminance that appears brighter.
To examine the brightness of the anthropogenic sky
glow produced by the light sources shown in Fig. 1 and
observed at the low luminance of the night sky, the
scattered spectral radiances were weighted as shown in
Eq. (3) using the CIE V0(λ) scotopic response, producing
what we term here “scotopic luminances.” At the eight
distances analyzed in this study, from 0.1 to 300 km, the
calculated overhead scotopic luminances were divided by
the scotopic luminance produced by LPS. The results are
summarized in Table 1 and Fig. 2. At the low luminances
observed in the night sky, the bluer sources produce
dramatically (up to 8 ) brighter visual sky brightness
LED5100K 
MH4100K 
LED2400K  
HPS 
LPS 
FLED  
Fig. 2. Overhead scotopic sky brightness ratio, compared to LPS.
Table 2
Near horizon scotopic sky luminance ratios, relative to LPS.
Dist. (km) LPS HPS LED2400K LED5100K MH4100K FLED
0.1 1 2.51 4.50 8.34 6.79 3.72
0.3 1 2.51 4.48 8.30 6.75 3.71
1 1 2.48 4.41 8.16 6.64 3.67
3 1 2.41 4.24 7.81 5.34 3.58
10 1 2.19 3.74 6.79 5.49 3.31
30 1 1.83 2.89 5.02 4.05 2.78
100 1 1.55 2.24 3.66 2.99 2.29
300 1 1.33 1.72 2.55 2.15 1.82
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distance analyzed in this study despite their stronger
falloff with distance. Even HPS is 2.5 brighter than LPS
when observed from nearby.
Scotopic sky luminance ratios observed near the hor-
izon (i.e. from 801 to 881 zenith angle) are summarized in
Table 2 and Fig. 3. When observed near the horizon the
scotopic sky luminance diminishes more strongly with
distance than when observed overhead, though nearby
the ratios are essentially the same as observed in the
overhead ky.3.2. Effect of aerosols
The effect of differing aerosol loads was examined by
running the models with Garstang K parameters of 2.0 and
0.3, representing hazier and clearer conditions. We note
that the characteristics of the aerosols, in particular the
dependence of the scattered intensity on scattered angle,
are unchanged. The scotopic luminance ratios, divided by
that for the K¼1.0 condition, are shown in Fig. 4. Under
hazier conditions, the increased scattering leads to a
greater overhead scotopic luminance when observed from
less than about 6 km from the light source, and fainter
when further, reaching a value about one quarter that of
the K¼1.0 condition at 300 km. The opposite effect occurs
under clear conditions, where overhead scotopic lumi-
nance nearby is decreased when observed from closer
than about 10 km, and greater when observed from farther
away, increasing to more than 3 greater than observed
under K¼1.0 conditions at 300 km. These results are
essentially independent of light source spectrum.3.3. Photopic sky brightness
Though not generally relevant to the brightness of
the night sky as observed by humans, as discussed in
Section 3.1, it is instructive to examine the effects of lamp
spectrum on the standard or photopic luminance of the
night sky. The overhead photopic sky brightness ratios,
referenced to that for LPS, are shown in Table 3 and Fig. 5.
As the light sources were balanced for equal luminous
output, the photopic sky luminance ratios near the sources
are approximately equal. The bluer sources produce
slightly greater luminance when compared to the yellow
sources (LPS and HPS) nearby, but the effect is not large,
less than 6% for the bluest sources. The reason for this
weak effect of lamp spectrum is that, though the shorter
wavelengths suffer increased scattering by molecules and
aerosols, this increased scattering also gives rise to
increased extinction: the effects approximately balance
when the observation point is near the light source. The
sky luminance decreases more dramatically with distance
for the bluer sources due to the increasing path length
through the atmosphere and therefore extinction suffered
by the shorter wavelengths. At distances greater than
10 km, the photopic luminance from all broad-spectrum
sources is less than that for the yellow sources. For the
bluest source (LED5100K), the photopic luminance falls to
0.78 that from LPS by 300 km.4. Discussion and conclusions
When observing the night sky, the adaptation level of
the human eye, even under moderately light polluted
skies, is essentially completely scotopic. As outdoor light-
ing installations are generally specified in terms of photo-
pic units (lumens, lux, cd/m2), the differing spectral
sensitivity of photopic and scotopic vision means that
the brightness of sky glow is strongly affected by the
spectral characteristics of the light source. When the light
sources are matched for equal photopic output, scotopic
visual sky glow from sources with increased short wave-
length emission such as white LED and metal halide
appears dramatically brighter. The higher CCT LED and
metal halide sources produce 6–8 the scotopic lumi-
nance of low-pressure sodium (LPS), and 3 that from
high-pressure sodium (HPS), when observed from nearby.
At 300 km the ratios decrease due to the greater extinction
LED5100K 
MH4100K 
LED2400K 
HPS 
LPS 
FLED 
Fig. 3. Near-horizon scotopic sky brightness ratio, compared to LPS.
Fig. 4. The effect of varying aerosol content on overhead scotopic sky
brightness.
Table 3
Overhead photopic sky luminance ratio, relative to LPS.
Dist. (km) LPS HPS LED2400K LED5100K MH4100K FLED
0.1 1 1.022 1.031 1.053 1.055 1.030
0.3 1 1.022 1.029 1.048 1.051 1.028
1 1 1.020 1.025 1.039 1.045 1.024
3 1 1.017 1.019 1.022 1.033 1.016
10 1 1.010 1.003 0.981 1.004 0.997
30 1 1.000 0.982 0.924 0.964 0.971
100 1 0.991 0.965 0.869 0.926 0.947
300 1 0.980 0.943 0.784 0.869 0.912
Fig. 5. Overhead photopic sky luminance ratio, compared to LPS.
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1.6–2.4 that from HPS.
Recent literature from the lighting industry [17,18]
recognizes the effect of the shifting spectral sensitivity
for mesopic vision, appropriate to lighting levels specified
for applications such as roadways and parking areas.
Procedures for adjusting the lighting level downward for
blue-rich sources are described. Yet these reductions, if
applied to industry-recommended average lighting levels,2
are at the most 32% – i.e., when considering the faintest2 These adjustments are specifically not recommended in [17] for
application to most roadways.lighting level, illumination using the bluest source (here
taken as the 5100 K CCT LED) might be reduced to 68% of
the lighting level with the reddest source (LPS).3 Thus, even
in the most extreme case, this reduction is insufficient to
compensate for the 1.6–8 factor expected for the visual
increase in sky glow brightness.
Increasing aerosol loading in the atmosphere causes
sky glow near the sources (within about 10 km and less) to
increase, while sky glow at more distant locations
decreases. The reverse happens under clearer conditions,
where sky glow nearby decreases and at greater distances
increases. These variations show very little influence aris-
ing from the lamp spectral characteristics.
If sky glow is measured in photopic units (i.e. cd/m2)
and within about10 km of the light source, increased
scattering from blue-rich sources is approximately
balanced by the increased extinction arising from the
same process. Here we intentionally use the term “mea-
sured” (as by a radiometer or standard luminance meter)
rather than “observed” (as by the eye), as human vision
will not become fully light-adapted (photopic) when
viewing any but perhaps the brightest urban skies. Com-
pared to LPS, sky glow from the bluest sources would
measure only 5–6% brighter when the light sources are
matched for equal luminous output. At larger distances,3 If applied to the faintest point (rather than the average), the
minimum recommended levels are 6 lower [17] – but applying the
larger mesopic adjustment factors implied would bring the average
lighting considerably below the recommendation.
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a significantly lower sky luminance than from LPS, with
the bluest source analyzed producing less than 80% the
luminance from LPS at 300 km. Yet, under nearly all
(cloudless) nighttime conditions, particularly at larger
distances from light sources, the low sky luminance means
that photopic measures do not describe visual sensation.
As a consequence the dramatically increased sensitivity of
the scotopically adapted eye to blue-rich sources will
overwhelm the modestly decreased radiance from such
sources due to extinction.
Recent work by Bierman [19] examined sky glow
expected from LED sources as compared to HPS. The
analysis included approximate treatment of molecular
and aerosol scattering, using radiometric and photopic
measures, but neglected extinction. Though mentioning
the potential effect of the spectral shift between photopic
and scotopic vision, the analysis neglected the effect. Thus
Bierman concluded that blue-rich LED light sources would
cause only 10–20% increases in photopic sky brightness,
and thus that concerns raised about the deleterious effects
of blue-rich LED lighting (e.g. [1,20]) were overestimated.
Though Bierman's photopic result is qualitatively con-
firmed here (though found to be smaller due primarily to
the effects of extinction), the spectral shift cannot be
neglected when describing the stimulus to human visual
perception, as the photopic response is not appropriate to
luminance levels in the night sky. Further, the scotopic
increase compared to HPS is shown here to be significant
for all LED sources, including low CCT. The net effect found
in this study thus underscores and confirms the concerns
about LED and blue-rich lighting [1,20,24], and directly
contradicts Bierman's results.
Given the dramatically greater scotopic visual sky
luminance arising from blue-rich sources, the recent
interest in installing white LED lighting to replace the
currently predominant HPS presents the prospect of a
dramatic increase in visual sky glow, in nearly all locations
from naturally dark areas to areas within towns and cities.
As these sources increase the scotopic brightness of sky
glow by factors of 2–3 or more compared to HPS, the
estimate that over 70% of Americans and over 50% of
Europeans live under skies where they cannot see the
Milky Way [21] will have to be revised significantly
upward, unless total lighting amounts are reduced to one
half or less of the current amounts. As many other
biological systems (including the human circadian
response [22]) have response functions more sensitive to
blue light than the CIE V(λ) function [23], increased
impacts on these systems may also be expected.Acknowledgments
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